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The assembly of mitochondrial outer membrane proteins is an essential process, mediated by the
SAM complex and a set of additional protein modules. We show that one of these, Mim1, is anchored
in the outer membrane with its N-terminus exposed to the cytosol and its C-terminus in the mito-
chondrial intermembrane space. Using an in vitro assay to measure the multi-step pathway for
assembly of Tom40 into the TOM complex, we ﬁnd that an ‘‘early reaction” mediated by the SAM
complex is regulated by the N-terminal domain of Mim1. In addition, a ‘‘late reaction” catalysed
by the Sam37 subunit of the SAM complex is also inﬂuenced by Mim1. Thus, Mim1 participates at
multiple stages in the assembly of the TOM complex.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The assembly of mitochondrial outer membrane proteins is an
essential process in eukaryotic cells, mediated by anOmp85-related
complex that mitochondria inherited from their endosymbiotic
ancestor [1–7]. The core subunit of this Sorting and Assembly
Machinery, or SAM complex, is homologous to the bacterial protein
Omp85/BamA [1–3]. However, themitochondrial SAMcomplex also
has what appear to be uniquely eukaryotic features, including the
peripheral ‘‘metaxin” subunits, called Sam35 and Sam37 in yeast,
and additional modules that contribute speciﬁc functions to the
SAM complex in assembling mitochondrial outer membrane
proteins. These additional proteins: Mdm10 [8,9], Mdm12 [10],
Mmm1 [10] and Mim1 [11–13] are involved in efﬁcient assembly
of outer membrane protein complexes, though none of them is
essential for cell viability. The mechanism by which these factors
act is as yet uncertain.
Mim1 is an integral outermembrane protein [14,15]. It functions
in the assembly of the TOMcomplex, promoting the docking of com-
ponents with a-helical transmembrane segments to the b-barrel
core provided by Tom40 [11–14]. For example, Tom20 is a receptor
component of the TOM complex with a single, a-helical transmem-
brane segment. Conserved residues in this transmembrane segmentchemical Societies. Published by E
u (T. Lithgow).of Tom20 mediate speciﬁc contacts with other components of the
TOM complex and, in cells lacking Mim1 (Dmim1), docking of
Tom20 to the TOM complex does not occur [12]. As a result,Dmim1
cells phenocopy Dtom20 cells hence the name Mitochondrial im-
port (Mim1; [16]). But this import defect has recently been estab-
lished as a secondary consequence of the failure of Dmim1 cells to
correctly assemble the TOM complex [11–13].
Mim1 is predicted to have a transmembrane domain [12,14,15],
and can form dimers through interactions made via this trans-
membrane domain [13]. The topology of Mim1 in the outer mem-
brane has been controversial. In one study, the C-terminal domain
of Mim1 was predicted to be exposed to the cytosol, and others
have observed the complete loss of Mim1 after trypsin shaving of
intact mitochondria, leading to suggestions that most of the
Mim1 protein might be exposed on the cytosolic surface of the
mitochondrion [14,15]. A predicted transmembrane domain in
Mim1 has been noted as atypical, with a proline and several serine
residues in addition to glycines [12,13], and could in principle form
a hairpin to allow both N- and C-terminal domains to be exposed
on the mitochondrial surface. Especially in the context of hetero-
oligomeric membrane complexes, such seemingly unorthodox
topologies are being found for some membrane proteins [17,18].
A hetero-oligomeric ‘‘MIM complex” containing Mim1 has been
observed in several studies, but estimates of the size of this complex
vary. By gel ﬁltration, the puriﬁed MIM complex is 440 kDa, dis-
tinct from the SAM complex at 250 kDa [15]. By glycerol gradientlsevier B.V. All rights reserved.
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complex [14]. By BN-PAGE, the Mim1-containing form of the SAM
complex runs at 300 kDa [11,12], and precipitation using a Prote-
inA–Mim1 fusion showed the only other subunits of this 300 kDa
complex to be Sam35, Sam37 and Sam50 [11]. However, most of
the SAM complex runs distinctly at 200 kDa by BN-PAGE, leading
to the suggestion that Mim1 is associated with a sub-population of
the SAM complex [11]. It may be that Mim1 interacts transiently
and/or weakly with the SAM complex, and that the distinctions in
size of this ‘‘MIM complex” as observed in previous studies are to
do with dissociation behavior of the complex, depending on the
procedure used for its puriﬁcation. We sought to determine
the transmembrane topology of Mim1 and the function of each of
the domains of Mim1 in promoting assembly of the TOM complex.2. Materials and methods
2.1. Yeast strains
The Dmim1 strain was described previously [12]. It was trans-
formed with the yeast expression plasmid p416MET25 containing
various mutant Mim1 sequences. This single-copy plasmid has the
MET25 promoter driving low-level expression ofMIM1 and incorpo-
rates a triple HA-epitope at either the C- or N-terminus of sequences
cloned into the mutli-cloning site. Transformed cells were grown to
log phase in S-lac, selecting for the plasmid. Strains were diluted to
OD600 nm 0.2 and a series of sixfold dilutions were spotted onto
plates of rich medium containing either glucose or glycerol as car-
bon sources. In all mutants tested, replicate plates were grown at
14 C, 25 C, 30 C and 37 C to best distinguish growth phenotypes.
2.2. Isolation of mitochondria and import reactions
Mitochondria were isolated from yeast as described by Daum
et al. [19]. In each case, preparations of mitochondria from mutant
strains were made alongside the corresponding wild-type. At least
three preparations of each mutant (and wild-type) strain were
tested for protein import and assembly rates to ensure consistency,
eliminating any batch to batch variation in mitochondria.
Themethods for protein translations, import assays and protease
shaving for topological assessment have been previously published
[3,20,21]. Brieﬂy, plasmid (pSP65) constructs were used for in vitro
transcription using SP6 RNA polymerase (Promega). RNAwas trans-
lated in vitro using nuclease-treated rabbit reticulocyte lysate
(Promega) in thepresenceof [35S]-labelledmethionine (MPBiomed-
icals). Translated [35S]-labelled protein was incubated with isolated
mitochondria for indicated timepoints at 25 C in import buffer
(0.6 M sorbitol, 50 mM K+ HEPES (pH 7.4), 2 mM potassium phos-
phate (pH 7.4), 25 mM KCl, 10 mM MgCl2, 0.5 mM EDTA, 1 mM
dithiothreitol, 5 mM methionine). After one wash in import buffer,
mitochondria were either subjected to SDS–PAGE or for native gels,
solubilized in 1.0% digitonin in lysis buffer (20 mM Tris–HCl (pH
7.4), 0.1 mMEDTA, 50 mMNaCl, 10% glycerol, 1 mMphenylmethyl-
sulfonyl ﬂuoride). After 15 min on ice with intermittent vortexing,
the insoluble components were collected by centrifugation and
the soluble supernatant combined with BN-PAGE sample buffer
(5% Coomassie blue G, 500 mM amino caproic acid in 100 mM bis
tris (pH 7.0)) and subjected to BN-PAGE using a 6-16.5% acrylamide
gradient gel. Radiolabeled protein was resolved using a Typhoon
phosphorimager.
2.3. Sequence analysis
Mim1 sequences from each of the total set of fungal sequences
previously identiﬁed by Likic et al. [22] were used for prediction oftransmembrane segments using DAS [23] and the sequence logo of
the conserved motif that overlaps the transmembrane domain was
constructed using WebLogo [24].3. Results and discussion
3.1. The topology of Mim1: a tail-anchored protein in the outer
membrane
To determine the topology of Mim1 in the mitochondrial outer
membrane, HA-epitopes were added to either the N-terminus or
the C-terminus of the protein and these epitope-tagged versions
of Mim1 expressed in Dmim1 yeast cells (Fig. 1A). Growth of the
cells expressing each of the epitope-tagged versions, HA-Mim1 or
Mim1-HA, was equivalent to wild-type yeast (data not shown).
Mitochondria were isolated from cells expressing either HA-Mim1
orMim1-HA, and treatedwith Proteinase K. The epitope is lost from
the HA-Mim1 in intact mitochondria, as is the case for the surface-
exposed Tom70. However, an epitope-tagged fragment of7 kDa is
generated by Proteinase K treatment of Mim1-HA mitochondria,
suggesting the C-terminus of the protein is protected from protease
by the outermembrane (Fig. 1B). If osmotic shock is used to rupture
the outer membrane, the fragment of Mim1-HA becomes exposed
to Proteinase K digestion and is degraded.
To conﬁrm thatMim1has anNout–Cin topology similar to tail-an-
chored proteins: with its N-terminal domain exposed to the cytosol
and its C-terminal domain in the intermembrane space, we mea-
sured the import of Mim1,DN-Mim1 andMim1-DC35 into isolated
mitochondria. Conservative deletions of the domains were made in
engineering these truncations of the Mim1 protein, leaving several
residues in place beyond the predicted domain boundaries. After
Proteinase K treatment, a6 kDa fragment ofMim1 is seen accumu-
lating inmitochondria (Fig. 1C). Consistentwith this being theC-ter-
minal epitope-tagged fragment seen in Fig. 1B, a fragment of6 kDa
is also generated after import of theDN-Mim1construct. A fragment
of 4 kDa is seen after import of the Mim1-DC35 construct.
As a further indication of its topology, the Mim1 protein in the
ﬁlamentous fungus Chaetomium globosum [25] is fused to the
N-terminus of Oxa1, a mitochondrial inner membrane protein.
The Sclerotinia sclerotiorum Sequencing Project [26] has recently re-
vealed the same fused gene structure in S. sclerotiorum. Whether
the proteins are processed, or remain fused in the fungal mitochon-
dria, the Nout–Cin topology for Mim1would be necessary in order to
allow the fused Oxa1 to be situated in the inner membrane.
3.2. The ‘‘cis” domain of Mim1 appears to be variable in size
Previously, we prepared hidden Markov models to search for
Mim1 related sequences from various fungi [12]. Mim1 sequences
were found in all fungi for which a complete genome sequence was
available. As a group, they contain a conserved transmembrane
and C-terminal domain, the N-terminal ‘‘cis” domain of Mim1 is
highly variable in size and sequence (Fig. 2A). Nonetheless, the
N-terminal domain is always present and its exaggerated size in
some species is unlikely to have been maintained unless it plays
some functional role.
We constructed the deletion mutant DN-Mim1 (Fig. 1A) and
growth tests show thatDN-Mim1mutants can grow almost as well
as wild-type cells (Fig. 2B). We further analyzed the DN–Mim1
mutant by characterizing assembly of the TOM complex in isolated
mitochondria. Using BN-PAGE for analysis, timecourse assays
following the assembly of Tom40 discern four species: (i) a
highly-transient pool of ‘‘monomeric” Tom40 at the bottom of the
gels, (ii) an ‘‘Assembly Intermediate I” whereby Tom40 is tightly-
associatedwith the SAMcomplex then, (iii) ‘‘Assembly Intermediate
Fig. 1. Mim1 has an Nout–Cin topology in the outer membrane. (A) The three domains of Mim1 are deﬁned with respect to the transmembrane segment predicted from
residue numbers 42 to 63, and the position of added HA tags is shown. Note the DN-Mim1 construct corresponds to a deletion of the ﬁrst 34 residues of Mim1. (B)
Mitochondria (100 lg protein) were incubated with (+) or without () 50 lg/ll Proteinase K for 30 min on ice. Where indicated (mitoplasting) the incubation was carried out
in hyperosmotic buffer to rupture the outer membrane or else (Triton X-100) in the presence of 0.1% detergent to solubilize both mitochondrial membranes. The size of
markers (Soybean trypsin inhibitor, 21.5 kDa and lysozyme 14 kDa) are shown to distinguish the Mim1-HA fragments and control blots for Tom70 and Cytb2 validate the
proteinase K treatments. (C) Mitochondria (50 lg protein) were incubated with [35S]-labelled Mim1,DN-Mim1 orDC35 for the indicated time, then treated with proteinase K
and reisolated for analysis by SDS–PAGE and ﬂuorography.
Fig. 2. The cis domain of Mim1 slows the rate of Tom40 release from the SAM complex. (A) Diagrammatic representation of the cis domain from various fungi. The domain is
41 residues long in Saccharomyces cerevisiae, only 18 residues long in Schizosaccharomyces pombe and 86 residues long in Kluyveromyces lactis. Very large domains are found in
Gibberella zeae (137 residues) and Coprinopsis cinerea (215 residues). (B) Truncated versions of Mim1 were tested for their ability to complement the growth defects of Dmim1
yeast cells in serial dilution experiments on glucose as a carbon source at 37 C. (C) Mitochondria (50 lg protein) from wild-type or DN-Mim1 mutant cells were incubated
with [35S]-labelled Tom40. After the indicated time at 25 C, the mitochondria were solubilized in digitonin and analyzed by BN-PAGE and ﬂuorography.
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subunits (e.g. Tom6), before (iv) Tom40 molecules reach their ﬁnal
assembly state in mature TOM complexes [27–30].
Mitochondria were prepared from the mutants and correspond-
ing wild-type cells. The assembly of imported [35S]-Tom40 was fol-
lowed by blue native-PAGE. The N-terminal domain of Mim1
appears to regulate Tom40 release from the SAM complex; in
DN-Mim1, [35S]-Tom40 is transferred from ‘‘Intermediate I” to‘‘Intermediate II” more rapidly than in mitochondria where the
N-terminal domain is present (Fig. 2C).
3.3. The transmembrane domain of Mim1 is critical for its function
The transmembrane segment of Mim1 is highly conserved and a
diagnostic motif is present in the Mim1 proteins found in various
species of fungi. We suggest that this motif extends across the
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the transmembrane region (Fig. 3A). Like many other outer mem-
brane proteins with a-helical transmembrane domains [31–36],
the transmembrane segment of Mim1 has several relatively hydro-
philic residues including highly conserved asparagines and glycine
residues that make prediction of the transmembrane domain
boundaries difﬁcult. We took a proﬁle approach to this problem,
submitting Mim1 sequences from 29 fungal species [12] to the
DAS predictor [23]: the consensus transmembrane segment runs
from F42 to G63. This means that the GXXXG motif identiﬁed by
Popov-Celeketic´ et al. [13] is incorporated within the predicted
transmembrane segment, though the boundary previously pre-
dicted for the Saccharomyces cerevisiae sequence (C46 to W79
[13]) differs slightly. Like the tail-anchored TOM proteins Tom5,
Tom6, Tom7 and Tom22 [37], the transmembrane segment of
Mim1 has an absolutely conserved proline residue (P53). With a
serine substituted for the proline, yeast expressing Mim1(P53S)
show partially compromised growth (Fig. 3B).
To examine the speciﬁc effect of the (P53S) mutation, mitochon-
dria were isolated from wild-type and Mim1(P53S) cells, and the
assembly of the TOM complex followed by BN-PAGE. The assembly
of imported [35S]-Tom40 shows similar kinetics in mitochondria
from the wild-type and Mim1(P53S) cells (Fig. 3C). However, the le-
vel of [35S]-Tom40 bound and imported is less in the mutant mito-
chondria, a phenotype previously documented for loss-of-function
Dmim1mutants [12]. UnlikeDmim1mutants, Mim1(P53S) mutants
do not have defects in the assembly of Tom20 into the TOM com-
plex. Fig. 3D shows mitochondria titrated with increasing concen-
trations of digitonin as described previously [12]. Under these
assay conditions, 0.2% digitonin is sufﬁcient to solubilize the
TOM holo-complex containing Tom20, and in 0.5–1.0% digitonin
Tom20 is released from the TOM complex (Fig. 3D, wild-type).
While Tom20 is not stably attached to the TOM complex in Dmim1
mutants, the P53S mutation has no measurable effect on the inter-
action of Tom20 and the core TOM complex (Fig. 3D).Fig. 3. The transmembrane region of Mim1 has a conserved proline residue. (A) The con
conserved proline (P53), and the residues conserved in the trans domain (dotted lines) fol
of Mim1 at 30 C on glucose as a carbon source. (C) Mitochondria (50 lg protein) from
Tom40. After the indicated time at 25 C, the mitochondria were solubilized in digitonin a
presence of [35S]-labelled methionine and incubated with yeast mitochondria (100 lg
indicated concentration (0.1–1.0% w/v) of digitonin and the extracts prepared for BN-PA3.4. SAM37 has a dominant-negative effect on semi-permissive alleles
of MIM1
The predicted transmembrane segment of Mim1 ends at the
glycine residue G63, leaving 50 residues of trans domain exposed
to the intermembrane space. Previous experiments have suggested
that the C-terminal ‘‘trans” domain of Mim1 is not functionally
important [13]. However, we constructed a series of deletion mu-
tants (Fig. 4A): Mim1-DC45, Mim1-DC40 and Mim1-DC35, testing
these for their ability to support growth of Dmim1 yeast cells
(Fig. 4B) and ﬁnd that the membrane proximal 10–15 residues of
the trans domain are critical for function.
We further characterized the assembly of the TOM complex in
the Mim1-DC40 and Mim1-DC35 cells. Mitochondria were
prepared from the mutants and corresponding wild-type cells.
[35S]-Tom40 assembly was followed by blue native-PAGE, showing
that mitochondria from Mim1-DC35 mutants assemble TOM com-
plexes at similar rates to wild-type (Fig. 4C). Import competent
mitochondria could not be reliably prepared from Mim1-DC40
cells to measure the assembly of [35S]-Tom40 (data not shown).
The Mim1-DC35 mutant mitochondria assemble Tom20 into the
TOM complex, as judged from the digitonin titration assay
(Fig. 4D). A loading control for the amount of mitochondria as
judged from immunoblotting is shown in Fig. 4E.
A surprising ﬁnding came from a multi-copy suppression of
mim1 mutants. Since Mim1–DC45 and Mim1-DC40 cells are so
compromised, and cells expressing the truncated Mim1-DC35 are
partially compromised for growth, Mim1-DC35 represents a
mutant in which factors enhancing or inhibiting Mim1 function
should be readily measured; over-expression of a putative partner
protein binding the N-terminal or transmembrane domain might
affect the semi-permissive growth phenotype of the Mim1-DC35
mutants. Of the known components of the SAM and TOM
complexes, only the over-expression of the gene encoding Sam37
affects the Mim1-DC35 cells. A dominant-negative effect can beserved Mim1 motif [12] is mapped against the domains of Mim1. Highlighting the
lowing the transmembrane domain (solid lines). (B) Growth of Mim1(P53S) mutants
wild-type, Dmim1 or Mim1(P53S) mutant cells were incubated with [35S]-labelled
nd analyzed by BN-PAGE and ﬂuorography. (D) Tom20 was translated in vitro in the
protein). After 30 min at 25 C mitochondria were reisolated, solubilized with the
GE.
Fig. 4. The trans domain, proximal to the transmembrane segment, is essential for Mim1 function. (A) Domain summary of the Mim1DC45, Mim1DC40 and Mim1DC35
constructs. (B) Dmim1 yeast were transformed with one of the plasmids and equal numbers of transformed yeast were serially-diluted onto medium containing glucose as a
carbon source and grown for two days at 37 C. Resultant colony numbers reﬂect cell viability and colony size reﬂects growth rate. The lower panel shows a plate of cells
incubated for an extended period of time to discern the full extent of the growth defect in Mim1-DC45 cells. (C) Mitochondria (50 lg protein) from wild-type or Mim1-DC35
mutant cells were incubated with [35S]-labelled Tom40. After the indicated time at 25 C, the mitochondria were solubilized in digitonin and analyzed by BN-PAGE and
ﬂuorography. (D) Tom20 was translated in vitro in the presence of [35S]-labelled methionine and incubated with mitochondria (100 lg protein) from either wild-type or
Mim1-DC35 cells. After 30 min at 25 C mitochondria were reisolated, solubilized with the indicated concentration (0.2–1.0% w/v) of digitonin and the extracts prepared for
BN-PAGE. (E) Mitochondria (100 lg protein) were isolated from either wild-type or Mim1DN, Mim1DC35 or Mim1(P53S) mutant cells and analyzed by SDS–PAGE and
immunoblotting with an antiserum recognizing the matrix-located mHsp70. (F) Dmim1 cells expressing Mim1-DC35 were transformed with plasmids expressing proteins of
the SAM-complex (i.e. carrying the genes SAM50 or SAM35 or SAM37). The transformed cells were serially-diluted onto medium containing glycerol as a carbon source and
grown at 30 C. Similar results were obtained when the cells were plated on medium containing glucose (data not shown). (G)Dmim1 cells were transformed with the control
plasmid YEplac181 or the same plasmid carrying the SAM37 gene. The transformed cells were serially-diluted onto medium containing glucose as a carbon source and grown
at 30 C.
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(Fig. 4F), or genes encoding any of the TOM proteins tested
(Tom20, Tom70, Tom5, Tom6 or Tom7; data not shown). Over-
expression of SAM37 does not exert a dominant negative growth
defect in the absence of Mim1 (Fig. 4G). Consistent with the
co-puriﬁcation of Sam50, Sam35 and Sam37 with ProtA-Mim1
[11], we suggest that Mim1 docks to the Sam37 subunit of the
SAMcore complex through an interaction that includes the N-termi-
nal domain of Mim1.
3.5. A model for Mim1 function in TOM complex assembly
In the course of TOM complex assembly, the formation of
assembly intermediate II requires Tom40 to leave the SAM
complex, a reaction dependent on Sam37 [30], and to bind small
Tom partner proteins. We ﬁnd that an ‘‘early reaction” is regulated
by the N-terminal domain of Mim1, with Assembly Intermediate IIforming more rapidly in DN-Mim1 mitochondria. The ﬁnal forma-
tion of mature TOM complex requires that Tom20 is docked to the
Tom40 barrel [11–13], and this ‘‘late reaction” is also mediated by
Mim1. In this sequence of events, where both Sam37 and the
N-terminal domain of Mim1 are required for an efﬁcient release
of Tom40 from the TOM complex, interplay in the roles of Sam37
and Mim1 is consistent with ﬁnding that the N-terminal domain
of Mim1 is exposed to the cytoplasmic surface of the mitochon-
drion.
A minor proportion of the SAM complex (migrating at
300 kDa) consists of Mim1 docked to the SAMcore [11]. Our genet-
ic evidence, linking the N-terminal domain of Mim1 and Sam37, is
consistent with Mim1 playing an intimate role in assisting the SAM
complex. While the sequence of the N-terminal domain of Mim1 is
not conserved across species, neither is the sequence conservation
in Sam37 very high. Correlated sequence drift in the MIM1 and
SAM37 genes may have maintained complimentary contacts for
1480 F. Lueder, T. Lithgow / FEBS Letters 583 (2009) 1475–1480this interaction. Topologically, Sam37 and the N-terminal domain
of Mim1 are both exposed on the outer surface of the mitochon-
drial outer membrane, and we suggest that each protein exerts
regulatory function over the release of correctly assembled
Tom40 from the SAM complex.
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